analyses of the truncated mutants revealed that the LytA amidase must contain at least four units to efficiently recognize the choline residues of pneumococcal cell walls. The loss of an additional unit dramatically reduces its hydrolytic activity as well as the binding afinity, suggesting that the catalytic efficiency of this enzyme can be considerably improved by keeping the protein attached to the cell wall substrate. Truncated proteins lacking one or two repeat units were more sensitive to the inhibition by free choline than the wild-type enzyme, whereas the N-terminal catalytic domain was insensitive to this inhibition. In addition, the truncated proteins were inhibited by deoxycholate (DOC), and the expression of a LytA amidase lacking the last 11 amino acids in Streptococcus pneumoniae M31, a strain having a deletion in the lyt4 gene, conferred to the cells an atypical phenotype (Lyt+ DOC-) (cells autolysed at the end of the stationary phase but were not sensitive to lysis induced by DOC), which has been previously observed in some clinical isolates of pneumococci. Our results are in agreement with the existence of several choline-binding sites and suggest that the stepwise acquisition of the repeat units and the tail could be considered an evolutionary advantage for the enzyme, since the presence of these motifs increases its hydrolytic activity.
Autolysins are enzymes capable of degrading peptidoglycan, the ubiquitous bacterial cell wall constituent (25) . These enzymes, widely distributed in microorganisms, have been postulated to play a variety of physiological roles on wall growth, wall turnover, cell separation, lysis induced by antibiotics, and pathogenicity (2, 25, 38) . The N-acetylmuramyl-Lalanine amidase (LytA) from Streptococcus pneumoniae was the first bacterial autolysin cloned, sequenced, and expressed in Escherichia coli (10, 12) . More recently, other bacterial autolysins have been cloned and characterized (1, 5, 6, 18, 40) . Using different experimental approaches, we have demonstrated that the pneumococcal amidase has a modular organization, i.e., the N-terminal domain provides the catalytic function, whereas the C-terminal domain, which consists on six repeated sequences, is responsible for binding specificity to the cell wall (9, 30, 33) . Two peculiar characteristics of the pneumococcal amidase directly related to its catalytic activity are the conversion process by which the enzyme becomes activated in the presence of choline and the absolute requirement of choline-containing teichoic acids to fully degrade in vivo the pneumococcal cell wall substrate (39) . This activation process has been ascribed to the 11 carboxy-terminal amino acids of the protein (28); however, the influence of this process in the pneumococcal autolysis remains still unknown.
Analysis of recent sequence data has identified a family of bacterial carbohydrate-binding proteins showing conserved Nor C-terminal repeats that also appear to have evolved by a modular design (41) . It has been shown that some domains retain their functions when separated by proteolysis (references 14 and 41 and references therein).
The aim of this work is to study the functional changes produced on the pneumococcal LytA amidase by serial deletions of its C-terminal repeats. This should allow us to explore its role on enzyme regulation as well as to determine the minimal length of the C-terminal domain needed to efficiently anchor the protein to the cell wall. In addition, we have investigated whether the conversion process might affect the autolysis by expressing in pneumococci a truncated form of this enzyme lacking the last 11 amino acids.
MATERUILS AND METHODS
Strains, plasmids, and DNA manipulations. The E. coli strains used were DH1 and C600 (27) . The S. pneumoniae strains used were the wild-type strain R6 and the autolysindeficient mutant M31 (26) . S. pneumoniae was grown in C medium supplemented with yeast extract (0.8 mg/ml; Difco Laboratories) (C+Y medium) at 37°C without shaking (37) . Growth of S. pneumoniae was monitored with a Coleman nephelometer. Plasmids used were pGL100 (11), pGL66, constructed by subcloning into pUC18 the BamHI fragment of pGL65 (29) , pLSl, a shuttle vector able to replicate in E. coli and S. pneumoniae (19) , pED1, a pLS1 derivative which was constructed as pED2 (7) (15) . Isolation of plasmid DNA was carried out by the alkaline procedure (3). Site-directed mutagenesis was carried out as described by Taylor et al. (35) . E. coli DH1 was made competent by the RbCl method (27) . Transformation of competent cells of S. pneumoniae was performed as previously described (37) . The accuracy of the recombinant plasmids was checked by sequencing (32 previously described (13) . Exponentially growing cultures of pneumococcal M31 cells received different amounts of purified lytic enzyme and were incubated at 37°C. A control culture received no addition. Cultures were tested for cell autolysis. The truncated amidase was purified from extracts of E. coli C600(pED3) by affinity chromatography on DEAE-cellulose, using a single-step procedure described elsewhere (31) .
Analysis of truncated proteins in DEAE-cellulose membranes. The membranes used for these analyses, Ultrafree-IEX DEAE-cellulose filters, were obtained from Millipore. The devices were operated at 3,000 rpm in a tabletop centrifuge. The membranes were preequilibrated with 20 mM phosphate buffer (pH 6.9) and then loaded with crude sonicated extracts (about 200 ,ug of protein). Filters were washed sequentially by 100 ,u of phosphate buffers containing increasing amounts of NaCl up to a concentration of 1.5 M (made twice). Finally, the retained proteins were eluted with 100 ,lI of 2% choline containing buffer. The filter units could be regenerated as recommended by the supplier. Protein samples were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) as previously described (20) .
RESULTS
C-terminal truncations of the lyt4 product and expression in E. col. The truncated lytA mutants were constructed by three independent approaches: (i) plasmids pGL102 and pGL300, expressing the truncated amidases LytA102 and LytA300, respectively, were constructed by using preexisting restriction sites; (ii) the exonuclease III method was selected to construct plasmid pGL110, which produces the truncated LytAllO amidase; and (iii) plasmids pGL122, pGL123, and pGL124, expressing the amidases LytA122, LytA123, and LytA124, respectively, were constructed by site-directed mutagenesis (Fig.  1) . The truncated LytA122, LytA123, and LytA124 proteins do not contain extra amino acids in their C-terminal ends, whereas the amidases LytA102, LytA110, and LytA300 contain only two or three additional amino acids that are not present in the wild-type LytA amidase (Fig. 2) . SDS-PAGE analysis of the crude extracts from lactose-induced E. coli cells, harboring the appropriate plasmids, showed the expected prominent bands corresponding to the truncated proteins (Fig. 3 ).
Differential behavior of the C-terminal truncated proteins in DEAE-cellulose chromatography. LytA amidase can be purified in a single-step process using either choline-Sepharose or DEAE-cellulose as an affinity chromatographic matrix, since DEAE acts as an effective structural analog of choline (34) . To test the choline-binding affinity of the truncated LytA amidases, we loaded crude E. coli extracts on DEAE-filters, and the proteins were gradually eluted with buffers of higher ionic strength. Finally, the retained proteins were eluted with a buffer containing 2% choline. The recovery of amidases was monitored by enzymatic activity and visualized by SDS-PAGE analysis. Using this procedure, we observed that wild-type and truncated LytA102, LytA110, and LytA124 amidases could be exclusively detected in the choline elution step (Fig. 3) . In contrast, LytA300 completely eluted with a buffer containing 250 mM NaCl. The intermediate behavior of the LytA122 and LytA123 truncated proteins reflects a partial binding capacity to DEAE since they eluted with buffers containing 375 and 750 mM NaCl, respectively, which allows a partial purification of these proteins (Fig. 3) .
Enzymatic characterization of the C-terminal truncated proteins. It amidase, retains a low but significant cell wall hydrolytic activity (33) , and it was of interest to study the influence of the serial deletions on the enzymatic activity. In this sense, we observed that even the less truncated proteins, LytA102, LytA110, and LytA124, which still retain a choline-binding affinity, had partially lost their activities. Since amidase activities were determined in crude extracts, the small differences observed within the activities of these clones can be ascribed to different levels of protein expression (Fig. 3) . However, a more dramatic loss of LytA123 and LytA122 amidase activities was observed ( Table 1 ). The decrease on amidase activity cannot be ascribed to a lower level of expression (Fig. 3) . As expected, only the wild-type LytA amidase required a preincubation in the presence of choline to become fully activated (converted), since it was already demonstrated that only the last 11 amino acids of the C-terminal end appear to be involved in the activation process (28) (data not shown).
On the other hand, it has been well documented that the wild-type LytA amidase cannot efficiently degrade ethanolamine-containing cell walls (39) . Table 1 shows that the hydrolytic activity of LytA on choline-containing cell walls is 600 times higher than on ethanolamine-containing cell walls (Table 1) . Interestingly, a similar activity ratio (choline-containing cell walls/ethanolamine-containing cell walls) was also observed for the LytA102, LytA110, and LytA124 amidases, suggesting that these proteins are choline-dependent enzymes. However, the LytA122, LytA123, and LytA300 proteins showed practically the same hydrolytic activity on either choline-or ethanolamine-containing cell walls; consequently, they should be considered choline-independent enzymes (Table 1) .
To better understand the role of choline in the substrateenzyme interactions, we studied the inhibition of the enzyme activity by free choline. Surprisingly, the results depicted in Fig.  4 indicate that LytA102, LytA110, and LytA124 amidases are more sensitive to the effect of choline than the wild-type LytA amidase is. In contrast, the LytA300 amidase was not inhibited by choline, whereas the LytA122 and LytA123 amidases showed an intermediate behavior.
Influence for the LytA3 amidase was constructed by the procedure depicted in Fig. 5 . A putative transcription terminator stemloop with a free energy of -14.8 kcal (ca. -61.9 kJ)/mol was located 3 bp after the termination codon within the pLS1 sequence (19) (data not shown). The crude sonicated extracts of E. coli C600(pED3) showed a hydrolytic activity on pneumococcal cell walls ( Table 2) . As expected, the truncated LytA3 amidase did not require the choline activation process to reach the maximum activity as did the wild-type LytA amidase expressed in E. coli C600(pED1). The LytA3 amidase purified by affinity chromatography on DEAE-cellulose showed a specific activity equivalent to 3.5% of the wild-type LytA amidase activity.
Plasmid pED3 was used to transform competent cells of S. pneumoniae M31, a strain that has a complete deletion of the lytA gene. One of the tetracycline-resistant clones was isolated and named EM3. Although the parental strain M31 was unable to lyse at the end of the exponential phase of growth, the recombinant strain EM3 did lyse, showing a behavior similar to that of the pneumococcal wild-type strain R6 in the presence or absence of penicillin G (Fig. 6) . These results suggest that the truncated LytA3 is regulated in vivo as the LytA amidase, and the conversion process does not seem to be essential for autolysis at the end of exponential phase of growth. Nevertheless, the EM3 showed an unexpected behavior, since it was insensitive to bile (deoxycholate [DOC]-insensitive [DOC-] phenotype). The sensitivity of pneumococcus to DOC (DOC' phenotype) is considered a distinctive characteristic of this species (21) , and until the recent characterization of an atypical clinical isolate of S. pneumoniae (strain 101/87) (8), the DOC-phenotype had been associated to the LytA-phenotype (22) .
To study why the strain EM3 behaves as an atypical strain with a (Lyt+ DOC-) phenotype, we determined the effect of DOC on the activity of LytA3. Table 3 shows that the truncated LytA3 as well as the other truncated proteins are highly sensitive to this detergent, whereas the wild-type LytA enzyme was activated. Interestingly, LytA3 was not inhibited by nonionic detergents such as Triton X-100 or Brij 58; therefore, it was not surprising that the use of Triton X-100 instead of DOC immediately induced the lysis of strain EM3 (data not shown). A, AccI; B, BamHI; C, ClaI; E, EcoRI; H, HindIII; P, PstI; ApR, ampicillin resistance; TcR, tetracycline resistance. An asterisk indicates that the ClaI site is methylated in E. coli C600. The carboxy-terminal end of the truncated LytA amidase (LytA3) is also indicated. The EcoRI restriction site is boxed.
DISCUSSION
The major pneumococcal autolysin, LytA amidase, represents one of the clearest examples among the prokaryotic proteins of a two-domain structure with a modular shuffling origin (9) . These domains are folded independently and have been cloned and expressed in E. coli in a functional form (30, 33) . The C-terminal domain of LytA, composed of six repeat units and a short tail, acts as a binding arm attaching the enzyme to the choline residues of pneumococcal cell walls (30) . Although we had demonstrated that the C-terminal short tail of amino acids should be involved in the choline activation process, named conversion (28) , the precise role played by the six repeat units remained unknown.
The chromatographic and biochemical analyses presented here demonstrate that the LytA amidase must contain at least four units to efficiently recognize the choline residues of the pneumococcal cell wall. The loss of an additional unit dramatically reduces the hydrolytic activity as well as the binding affinity. This behavior strongly supports the model proposed by Knowles' group (36) protein attached to the substrate, since in this way, the local concentration of the putative cleavage sites is increased. This model, which can be extended to the enzymes acting on other polymeric substrates as the LytA amidase, implies that the existence of several binding sites could allow the protein to "walk" along the surface of the substrate. In this sense, the presence of several repeats might account for the existence of several binding sites and could explain the low activity of the truncated amidases LytA123 and LytA122. Although these truncated enzymes retain a partial binding affinity and are slightly inhibited by choline, the low number of interaction sites does not allow the walking process. We have recently cloned and sequenced a gene coding for a choline-binding protein of Clostridium acetobutylicum NCIB8052 (a cholinecontaining strain). Interestingly this protein only contains four repeat units similar to those of the LytA amidase (24) . This observation provides strong support for our observation that only four units could be enough to carry out the physiological functions.
The truncated proteins LytA102, LytA110, and LytA124 appeared more sensitive to the inhibition by free choline than the wild-type LytA amidase was. These results correlate with the idea of the existence of several choline-binding sites. The wild-type LytA amidase, which contains more binding sites than the truncated proteins, should require higher concentrations of choline to be fully inhibited, whereas the most truncated protein, LytA300, should be insensitive to the action Fig. 4 are expressed as percentages; hence, the residual activity showed by all the proteins in the presence of a high concentration of choline is equivalent to that of the LytA300, i.e., the choline-independent catalytic activity of the N-terminal domain. The inhibition observed in the case of LytA122 and LytA123 amidases parallels the weak binding affinity showed by these proteins to DEAE-filters, suggesting that two repeat units still confer a low-level binding activity.
Comparison of the activities of the wild-type LytA amidase and the truncated proteins (Tables 1 and 2) showed that the decrease in enzymatic activity was produced in three major steps. The first step would correspond to the loss of the C-terminal tail that abolishes the conversion process. The second step correlates with the loss of the P6 repeat, which produces a decrease in enzymatic activity maintaining the choline-binding capacity. The last step could be ascribed to the deletion of the P4 repeat that causes the loss of cholinebinding capacity. Hence, the stepwise acquisition of the repeat units and the tail could be considered an evolutionary advantage for the enzyme, since the addition of motifs increases the hydrolytic activity and provides a regulatory control.
The elution behavior of the truncated LytA124 amidase on DEAE-cellulose suggests that four repeat units should be enough to create fusion proteins which can be easily purified in a single step, as has been already demonstrated with use of the entire C-terminal domain of LytA (23, 31) . The reduced molecular weight of this truncated tag might confer some advantages for biotechnological applications. To the best of our knowledge, this is the first time that a DEAE-cellulose paper is described as an affinity chromatographic support, which opens new and interesting possibilities for using this type of paper to specifically retain fusion proteins.
Finally, the possibility of studying the behavior of the truncated amidases in vivo has allowed us to reproduce in the laboratory the atypical (Lyt+ DOC-) phenotype that we found in the clinical strain 101/87. This strain contains a LytA amidase that has properties similar to those of the truncated proteins described in this work; e.g., the enzyme is more sensitive to DOC and choline than the LytA amidase of the reference pneumococcal strain R6 is, although it still exhibits conversion by choline (8) . The amidase of the clinical pneumococcal strain has a deletion of two amino acids located within the P6 repeat unit, which has b;een correlated with its atypical phenotype. The construction of strain EM3 confirms by a direct experimental approach that an alteration of the C-terminal domain of the major autolysin of S. pneumoniae reduces its activity and avoids the need for the conversion process, but it does not necessary prevent the autolysis. However, the higher sensitivity of the mutant enzymes to DOC produces an atypical phenotype that might lead to the misclassification of some strains of S. pneumoniae.
